The participation of cyclooxygenase (COX) in embryo implantation and parturition has been studied extensively. However, the distinct role of the two COX isoforms in these processes still remains unclear. Using three characterized mouse lines where the Ptgs1 and Ptgs2 genes substitute for one another, this study focused on the reproductive significance of their distinct roles and potential biological substitution. In both non-gravid and gravid uteri, the knock-in COX-2 is expressed constitutively, whereas the knock-in COX-1 is slightly induced in early implantation. The delayed onset of parturition previously found in COX-1 null mice was corrected by COX-2 exchange in COX-2>COX-1 mice, with normal term pregnancy, gestation length and litter size. In contrast, loss of native COX-2 in COX-1>COX-2 mice resulted in severely impaired reproductive functions. Knock-in COX-1 failed to substitute for the loss of COX-2 in COX-1>COX-2 mice during implantation, indicating that COX-1 may be replaced by COX-2, but not vice versa. A panel of prostaglandins detected in uterus and ovary demonstrates that prostaglandin biosynthesis preferentially depends on native COX-1, but not COX-2. More interestingly, preferential compensations by the COX isoforms were sustained despite weak dependency on their role in prostaglandin biosynthesis in the uterus and ovary.
Results
COX exchange does not alter estrous cyclicity. Western blot analysis shows that, in non-pregnant mice, COX-1 (70 kDa) is completely knocked-out in all COX-2>COX-1 and Reversa uteri, as expected. However, COX-2 (72 kDa) expression is detectable in both COX-2>COX-1 and Reversa mice under basal conditions, but is absent in WT mice. Ptgs1-driven COX-2 expression is no longer "inducible", but "constitutive"; thus, Ptgs2driven COX-1 expression in Reversa mice was barely observed in the absence of stimulus ( Fig. 1a ). All four genotypes displayed regular cycling and cytology patterns. There are no significant differences in average cycle length between WT (4.6 ± 0.3 d, n = 6), COX-2>COX-1 (5.2 ± 0.7 d, n = 5), COX-1>COX-2 (4.2 ± 0.2 d, n = 5) or Reversa (5.6 ± 0.2 d, n = 5) mice ( Fig. 1b) . Moreover, the ovarian weights of COX-2>COX-1, COX-1>COX-2, and Reversa mice are similar to those of WT mice (Fig. 1c) . These findings were consistent with the previous evidence that there was no apparent difference in estrous cyclicity between wild-type, Ptgs1-deficient, and Ptgs2deficient mice 20 .
COX isoforms differentially compensate for term pregnancy. To explore whether Ptgs gene exchange exhibited differential reproductive phenotypes, we first investigated full-term pregnancy, with a focus on the percentage of mice coming to term, the length of gestation and live litter size. Female homozygous COX-2>COX-1, COX-1>COX-2, and Reversa mice expressed differences in their reproductive capacities ( Table 2) . On a C57BL/6 genetic background, we failed to generate any COX-1>COX-2 mice from numerous homozygous parent matings. Only one homozygous mother of ten (10%) was successfully brought to term ( Table 2) , but she did not deliver live pups. This severe phenotype was similar to that observed in COX-2-deficient mice that expressed multiple reproductive defects 16 . These defects were not caused by infertile COX-1>COX-2 males, because homozygous COX-1>COX-2 females (n = 6) failed to reach term-pregnancy when mated with fertile WT males. However, homozygous COX-1>COX-2 males (n = 8) demonstrated normal mating capacity when paired with fertile WT females ( Table 2) .
It has been reported that defects in parturition due to COX-1 disruption cannot be compensated for by unimpaired COX-2 activity alone 18 . In contrast to very few COX-1>COX-2 females (0-10%) capable of sustaining term pregnancy, COX-2>COX-1 females (100%) tested were fertile with a normal litter size, when set up with either COX-2>COX-1 (n = 9) or WT (n = 7) males. Moreover, the gestation length of COX-2>COX-1 is comparable to that of WT mice ( Table 2 ). This indicates that knock-in of COX-2 alone or when it is combined with endogenous COX-2 is capable of restoring the normal onset and progression of term labor, which is delayed by COX-1 disruption 17, 18 . Although COX-1 is essential for normal parturition, it is also replaceable, given the presence of Ptgs1-driven COX-2 expression. Interestingly, these compensatory functions in COX-2>COX-1 mice are not fully maintained in Reversa mice. They have a markedly reduced litter size compared with WT mice, and a longer gestation period (both P < 0.05 compared with WT, Table 2 ). However, the frequency with which they came to term (~70%) exceeded that in COX-1>COX-2 females. Loss of native COX-2 appears to reduce litter size, and this phenotype is not fully rescued by Ptgs1-derived COX-2.
To circumvent these female reproductive defects, we set up mating pairs of heterozygous COX-1>COX-2 females with homozygous males. Female Reversa mice with two copies of Ptgs2>Ptgs1 (homozygous) and one copy of Ptgs1>Ptgs2 (heterozygous) were paired with double homozygous Reversa males ( Table 2) . We monitored the neonatal pups and found that, with a copy of native Ptgs2 gene, heterozygous COX-1>COX-2 females (n = 13) were able to sustain partially their reproductive capacity as evaluated by litter size relative to WT mice (4.4 ± 0.6 vs 7.0 ± 0.8, P < 0.05). The native COX-2 from one copy of Ptgs2, when combined with knock-in COX-2 in Reversa mice (n = 12) could completely rescue female reproductive defects ( Table 2 ). These results indicate that . At least two cycles were generally captured for each mouse and then averaged to get a cycle length of each mouse. Data are presented as mean ± SEM, n = 5-6. (c) Average weight of both ovaries from non-gravid mice (10-12 weeks old). Data are presented as mean ± SEM, n = 7.
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Differential compensatory functions of COX-2 and COX-1 for implantation. We next investigated whether the cause of this failure was aberrant implantation in COX-1>COX-2 mice, and whether COX-2>COX-1 mice restored these functions. In mice, the "window" of implantation is when the uterus becomes receptive on day 4.5 of pregnancy and the implantation-competent blastocyst establishes a reciprocal interaction with the receptive uterus 35 . In this window of implantation, we observed that 6 of 7 (86%) COX-2>COX-1 mice showed distinct implantation sites (8.0 ± 0.5/mouse) on day 4.5 of pregnancy, which was a comparable number of blastocysts implanted in WT mice (89% and 8.9 ± 0.5/mouse). However, only ∼3 implantation sites (3.0 ± 0.7/mouse, P < 0.05) were detected in 44% (4/9) of the plug-positive COX-1>COX-2 mice (P < 0.05 vs WT, Chi-square test). In Reversa mice, although the percentage of pregnancies (86%) that may result in live births appeared to be normal, an average number of implantation sites (4.8 ± 0.9/mouse) on day 4.5 was less than that of WT and COX-2>COX-1 mice (P < 0.05) ( Fig. 2a ). This may be caused by the differential spatiotemporal expression of native COX-2 and Ptgs1-driven COX-2, since differential expression patterns of native COX-2 and COX-1 have been reported previously 30 . All implantation sites were normally spaced along the uterine horns in WT and the other three strains of mice ( Fig. 2b ). Histologically, in terms of the relative uterine lumen width, appearance of uterine lumen epithelium, crypt formation and presence or absence of uterine glands, there were no comparable differences across the four genotypes of mice on gestation day 4.5 (data not shown).
Although ≈3 implantation sites ( Fig. 2a ) were recorded on day 4.5 of pregnancy in COX-1>COX-2 mice, none of them gave rise to live births ( Table 2 ). In Reversa mice, there was only a partial rescue of the implantation defect observed in the presence of the knock-in COX-2, but the litter size at term was still smaller, averaging 2 pups/litter ( Table 2 ). This suggests that blastocysts, which implanted during the normal window, became susceptible to subsequent developmental anomalies, mainly due to lack of native COX-2, leading to few (or no) litters. Similar observations have been made in Ptgs2-null mice in which implantation of blastocysts occurs beyond the normal window 30 . Collectively, implantation of blastocysts and live term-pregnancy in Reversa mice suggests that one cause of improved reproductive capacity relative to COX-1>COX-2 mice was the compensation by COX-2, but not vice versa.
There are no significant alterations of basal estradiol levels among the 4 different strains of mice. Timely implantations trigger a rise of plasma estradiol in WT mice and all three mutant strains ( Fig. 2c) , with concordance across 4 groups. This is in agreement with a previous report showing serum gonadotropin and steroid levels in Ptgs1-and Ptgs2-deficient mice were unchanged compared with WT mice 20 . Furthermore, this may also explain why all four strains exhibited relatively normal estrous cyclicity 20 . However, the level of progesterone in COX-1>COX-2 mice is much lower than for other three strains on day 4.5 of pregnancy ( Fig. 2d ). This indicates that loss of COX-2 impairs initiating the conversion of the residual follicle into a corpus luteum that, in turn, produces progesterone to prepare the endometrium for a possible implantation. In Reversa mice, constitutively expressing COX-2, the development of the corpus luteum is rescued, which partially restores blastocyst implantation during the anticipated time course.
Maternal Genotype
Paternal Genotype Table 2 . Isoform-specific compensatory functions for term pregnancy. In the first set, female WT, COX-2>COX-1, COX-1>COX-2, and Reversa mice (8-10 weeks old) were bred with fertile WT males or with the same genotypes. Copulation plug-positive mice were observed for delivery at term, and the litter size was monitored closely. Bred with COX-1>COX-2 or WT mice, COX-1>COX-2 females failed to generate any live pups. Delayed parturition occurred in Reversa mice, and their litter size was significantly smaller, * P < 0.05, ** P < 0.01 vs WT or COX-2>COX-1. WT, wild type. In the second set, the term pregnancy and gestation length were not monitored. HM, homozygous; HT, heterozygous. Reversa § has two copies of Ptgs2>Ptgs1 (HM), but one copy of Ptgs1>Ptgs2 (HT). * P < 0.05 vs WT.
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Blastocyst implantation and development of the corpus luteum rely on the presence of COX-2.
To address which COX isoform and which PGs mediate the process of implantation, we measured the uterine expression of both COX isoforms and the downstream PGs on day 4.5 of pregnancy. A trace of COX-2 expression was observed in WT uterus, possibly due to the induction of COX-2 during early implantation 11, 36, 37 . Native Ptgs1-driven COX-2 was expressed abundantly in both COX-2>COX-1 and Reversa mice, where native COX-1 expression is absent ( Fig. 3a ). In the present study, COX-1 expression was expected, but not detected in uteri of Reversa mice. However, COX-1>COX-2 uteri expressed a slightly higher amount of COX-1 protein compared with WT counterparts (Fig. 3a) , indicating the knock-in Ptgs1 gene makes a minor contribution to COX-1 protein expression under control of the Ptgs2 promoter in early implantation. Surprisingly, the knock-in COX-2 protein is not functioning to generate PGF 2α , 6-keto-PGF 1α or PGE 2 (Fig. 3b-d ). These findings are more evident in COX-2>COX-1 mice, where COX-1 is completely replaced by COX-2. Reversa mice can only partially restore the PG-synthesizing function (especially PGE 2 ) resulting from the knock-in COX-1. These data are consistent with PGs being primarily generated by uterine COX-1. Moreover, none of these COX-1-derived PGs is indispensable to the process of implantation.
In accordance with our previous findings, Ptgs2-deficiency in COX-1>COX-2 mice leads to lower levels of progesterone, and in turn impairs the formation of the corpus luteum. Ovarian morphology reveals that fewer mature corpora lutea form in COX-1>COX-2 mice on gestation day 4.5 (Fig. 4a ). The apparent morphological appearance of these corpora lutea was normal with some showing signs of regression. Ovarian PG profiles are implantation experiments is defined as a mouse that displayed at least one visible implantation site on d4.5 of pregnancy. As such, the numbers within the bars indicate the pregnancy (%) that denotes the proportion of mice with implantation sites out of the total mice plugged. Data are presented as mean ± SEM, * P < 0.05 vs WT, one-way ANOVA analysis; # P < 0.05 vs WT, Chisquare test. (b) Representative photographs of uteri with implantation sites stained with 1% Evan's blue on d4.5. (c) Plasma estradiol and (d) progesterone concentration on gestation d0.5 and d4.5, respectively. Blood was collected via submandibular vein from mice of each genotype (n = 4-7) and concentration was determined by sequential competitive immunoassay. Data are presented as mean ± SEM, * P < 0.05 vs WT, one-way ANOVA analysis.
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High progesterone levels in Reversa mice delay the onset of parturition. As mentioned earlier, Reversa mice have a markedly reduced litter size and a longer gestation length. Thus, we examined the effects of Ptgs gene exchange on late-stage pregnancy and onset of parturition. The number of viable fetuses in COX-2>COX-1 uteri was comparable with that of WT uteri on gestation day 19. In contrast, homozygous Reversa mice had fewer (n = 6, P < 0.05) and slightly smaller viable fetuses compared with WT mice (Fig. 5a ). The resorbed fetuses could be identified at this stage, resulting in the smaller litter size in homozygous Reversa females ( Table 2 ). This happened among implanted blastocysts during subsequent gestation, indicating that native COX-2 is crucial not only for proper implantation, but for embryo maturation and fetal development. We determined the plasma progesterone and estradiol levels in mice during late-stage pregnancy. As expected, estradiol levels did not differ among the three genotypes, as the placenta becomes their main source during pregnancy (Fig. 5b) . Mice of each genotype demonstrated lower plasma progesterone levels during late-stage of pregnancy compared to those on d4.5, indicative of regressing activity of the corpus luteum. However, the progesterone levels in Reversa mice remained higher than in WT and COX-2>COX-1 mice (Fig. 5c ), which resulted in delayed onset of parturition ( Table 2 ).
Ptgs2 compensates for the loss of Ptgs1 during late-stage pregnancy despite minimal capacity for PG biosynthesis. To see whether COX-2 can offset the deficiency of COX-1, we first compared the expression of both isoforms during late-stage pregnancy (gestation day 19) in the uterus. COX-1, but not COX-2, is expressed in all WT uteri. As shown in Fig. 6a , with the targeting of Ptgs genes, COX-2 is expressed in the uteri of COX-2>COX-1 and Reversa mice in a pattern resembling the native expression of COX-1 in WT mice in both the non-gravid uterus and in the uterus of gestation d4.5 (Figs 1a and 3a) . Strikingly, these knock-in COX-2 proteins are poor sources of PG formation: the capacity to form both PGF 2α and PGI 2 in COX-2>COX-1 and Reversa mice is much lower than in WT mice ( Fig. 6b and c) . PGE 2 levels are not significantly altered in COX-2>COX-1 and Reversa mice on day 19 of gestation ( Fig. 6d ), suggesting that PGE 2 , produced by both maternal and fetal tissues during pregnancy, may also play a role in the process of parturition 38 .
We further investigated ovarian histology and PG profiles on day 19 of pregnancy. No remarkable morphological changes were observed in ovaries of COX-2>COX-1 and Reversa mice. The numbers of corpora lutea ( Fig. 7a ) and ovarian weights (Fig. 7b) were comparable with WT mice. Knock-in COX-2 in the ovaries of COX-2>COX-1 and Reversa mice was not able to compensate for PGF 2α (Fig. 7c ), but appear to offset the loss of Ptgs1 in the capacity of the ovary to generate PGE 2 and 6-keto-PGF 1α at this stage of pregnancy ( Fig. 7d and e ). Taken together, Ptgs2 is essential to compensate for the loss of Ptgs1 during late-stage pregnancy, even though PG production remains deficient in COX-2>COX-1 mice, similar to our previous findings in COX-1 knockdown females 39 .
Discussion
The present study provides new insights into the distinct roles of the two COX isoforms in implantation, parturition and fetal development. Normal female reproductive function appears to depend preferentially on COX-2. In particular, the novel genetic models (1) uncover COX-1 as the primary source of prostaglandins in the reproductive tract; (2) reveal that COX-2, but not COX-1, makes irreplaceable contributions to the implantation process; and (3) demonstrate the ability of constitutive COX-2 expression to compensate for loss of COX-1in parturition.
Isoform-specific compensation in female reproduction. Pharmacological and genetic inhibition
of the COX/PG pathways results in a compensatory isoform-specific response. COX-1 knock-down prevents platelet-dependent thrombosis but sustains parturition 39 . Ptgs2 mRNA was strongly expressed in the uteri of COX-1-deficient mice on gestation days 1 and 8, which might partially compensate for the loss of COX-1 activity during implantation 36 . A compensatory up-regulation of COX-1 can occur in the uterus from mice missing Ptgs2. During early pregnancy, this compensatory up-regulation of Ptgs1 functioned in a pattern similar to Ptgs2 in initiating the attachment reaction in CD1 Ptgs2 null mice. In contrast, this compensatory phenomenon was not observed in C57BL/6 J/129 Ptgs2 null mice 30 . In the present study, although the COX-1 in COX-1>COX-2 mice has a comparable, if not enhanced capacity to generate PGs relative to WT mice, implantation defects could not be rescued. Insertion of Ptgs1 under the Ptgs2 regulatory sequences on a mixed C57BL/6 × 129 Sv genetic background partially rescues the impairment in fertility due to loss of COX-2 31 . In the current study, the disruption of the native COX-1 in COX-2>COX-1 and Reversa mice, which led to abnormal parturition 17, 18 , can be preferentially compensated for by knock-in of COX-2 under the control of Ptgs1 promoter on the C57BL/6 genetic background. In contrast, COX-2 disruption (COX-1>COX-2) displays severe reproductive impairment, which could be, at least partially, rescued by expression of knocked-in COX-2 in Reversa mice. Herein, most of COX-1's role in implantation and late-stage pregnancy can be compensated for by COX-2, but not vice versa. COX-1>COX-2 mice had implantation sites, but could not sustain term labor. When and how the implanted blastocysts are lost in COX-1>COX-2 mice needs to be examined further.
COX-1-derived prostaglandins in implantation and ensuing gestation.
Our studies demonstrate that both uterine and ovarian COX-1 are the main source of PG synthesis on days 4.5 and 19 of pregnancy. Knockout of COX-1 dramatically reduces uterine PG levels on day 4 of pregnancy 18, 36 , which is consistent with our current data. On the other hand, disruption of COX-2 in COX-1>COX-2 mice does not affect the PG levels assayed, which agrees with previous evidence that no significant difference in uterine PG profiles was noted between WT and COX-2-deficient mice on days 5 and 6 of pregnancy 30 . PGs alone, however, are not apparently sufficient to secure implantation and the ensuing gestation, although sustained levels of PGI 2 appear to be important for implantation 37 , and PGF 2α for luteolysis and onset of parturition 23,40 based on previous findings. Both uterine and ovarian PGE 2 levels of COX-2>COX-1 mice are extremely low in our studies, despite evidence that PGE 2 enhances decidualization in rats 41 . Our results are consistent with the inefficiency of exogenously administered PGE 2 to induce optimal implantation 37 and decidualization 16 in COX-2-deficient mice. The failure of exogenous PGE 2 in these respects might not be due to its unstable nature, rapid degradation, or ineffective delivery as supposed previously, but due to lack of COX-2 itself. Differences in the subcellular locations and functions of COX-1 and COX-2 may also be relevant. Both isoforms are anchored in the endoplasmic reticulum and nuclear membrane 5, 42 , but it appears that COX-1 functions predominantly in the endoplasmic reticulum whereas COX-2 functions in the endoplasmic reticulum and the nuclear envelope 43 . We speculate that intranuclear generation of PGs from COX-2, despite very low levels, is perhaps the trigger for early implantation. Therefore, the difficulties in signaling of COX-1-derived PGs to the nuclear compartment could be one of the primary reasons for their limited effectiveness in securing the embryo implantation at day 4.5 of pregnancy. In addition, implantation and decidualization are not disturbed in F prostanoid (FP) receptor knockout mice 23 . Thus high levels of COX-1 generated PGF 2α synthesis do not appear crucial for these processes.
Minimal PG biosynthetic capacity is involved in COX-2-dependent reproductive compensations. In contrast, highly expressed knock-in COX-2 (in either COX-2>COX-1 or Reversa mice) barely makes any PGs, but maintains all the aspects of female reproduction. One possibility is that the amount of PGs needed for normal reproductive functions is far less than the tissue capacity of COXs to generate them. In eicosanoid biology, the capacity of cells/tissues to make these lipid mediators strikingly exceeds their actual rates of biosynthesis 44 . For example, the discordance was reported previously in platelets, where the capacity to make TxA 2 is 300-400 ng/ml as measured by TxB 2 in serum, whereas maximal plasma concentration is ≈2 pg/ml 45 . Indeed, we previously determined that uterine and ovarian PGF 2α levels could be blocked by up to 92% in a COX-1 knockdown mouse model, and the residual PGs were still sufficient to promote timely luteolysis for initiation of labor 39 . This may explain why COX-1 deficient mice did not spontaneously develop gastric ulcers even though the gastric PGs levels in COX-1 null mice indicated a greater than 99% reduction 17 . These findings are also in agreement with previous studies showing the intact native COX-2 in COX-1 null mice, which generates PGs inefficiently 46 , maintains normal renal function 17 . Indeed, recently we have shown that the two COX isoforms can preferentially compensate for some renal function independent of the capacity to make PGs under basal conditions 34 . Collectively, despite a minimal capacity of reproductive tissues to make PGs, Ptgs2 is sufficient to compensate for the loss of Ptgs1 during implantation and late-stage pregnancy.
COX-2 is recognized to be critical for implantation, development of the corpus luteum and of the fetus. Difference in substrate selectivity of the two COX isoforms 2-4 resulting in the ability of COX-2, but not COX-1, to metabolize the endocannabinoids arachidonoyl ethanolamide and 2-arachidonoyl glycerol, is proposed to be due to a slightly enlarged side pocket of the arachidonic acid-binding site in COX-2, which is absent in the COX-1 structure. Although endocannabinoids were not studied in the present studies, these mediators 47, 48 or yet unknown lipid mediators could direct aspects of early implantation and late-stage pregnancy.
Taken together, the delayed onset of parturition previously found in COX-1 null mice is rescued by Ptgs2 exchange into the Ptgs1 genetic locus in COX-2>COX-1 mice. However, knock-in COX-1 failed to substitute for the loss of COX-2. Thus, reproductive functions performed by COX-1 can be replaced by COX-2, but not vice versa. As in other tissues, a small residual capacity of COXs to generate PGs is sufficient to sustain these 
Methods

Mice.
A COX-1>COX-2 mouse strain (JAX, 008104) 31 , on a mixed C57BL/6 × 129/Sv genetic background, was backcrossed with the C57BL/6 strain for 10 generations. A COX-2>COX-1 mouse strain, on the C57BL/6 background, was established as described previously 33 . Cross-breeding of COX-1>COX-2 and COX-2>COX-1 mice produces "Reversa" mice 32, 33 . As shown in Table 1 , the endogenous Ptgs alleles are still in the genome of a "single" knock-in mouse i.e. endogenous Ptgs2 encoding the native COX-2 protein is in COX-2>COX-1 mice and endogenous Ptgs1 encoding native COX-1 is present in COX-1>COX-2 mice, respectively. However, both native COX isoforms are disrupted and the Ptgs1 and Ptgs2 genes are inserted to permit them to substitute for one another in Reversa mice. Genotyping was performed routinely by PCR on DNA isolated from tail biopsies. All procedures for animal experimentation were undertaken in accordance with the principles and guidelines of the Canadian Council on Animal Care and were approved by the Queen's University Animal Care Committee (approval #2012-029 and 2016-1673).
Estrous cycle.
To evaluate the estrous cycle of female mice (10-12 weeks old), vaginal lavage was performed daily at 10 am for 12 consecutive days using 100 µl of autoclaved distilled water. The fluid was then transferred to a microscope slide and left to dry. The slides were stained with 0.1% Crystal Violet and sealed with Cytoseal Ovarian weights from pregnant mice on gestation day 19. Weights from both ovaries of each mouse were measured. Data are presented as mean ± SEM, n = 6-7. (c), (d) and (e) Ovarian prostaglandin F 2α (PGF 2α ), 6-keto-prostaglandin F 1α (6-keto-PGF 1α ), and prostaglandin E 2 (PGE 2 ), respectively. Frozen ovaries (2-3 pooled) were subjected to prostaglandin extraction prior to competitive immunoassay. n = 3, * P < 0.05 vs WT, nonparametric tests.
SCIeNTIFIC RepoRts | (2018) 8:12097 | DOI:10.1038/s41598-018-30636-x 60. The vaginal smears were analyzed under a microscope (Leica, DM IRB, Richmond Hill, ON). Identification of relative numbers of nucleated epithelial cells, cornified epithelial cells, and leukocytes determined the estrous stage, as previously reported 49 . Two cycles were generally captured for each mouse and then averaged to obtain cycle length for each mouse. Implantation sites. Fertile WT males on a C57BL/6 genetic background were mated to female COX-1>COX-2, COX-2>COX-1 and Reversa mice (10-12 weeks old). Gestation day 0.5 (d0.5) was established to be the day of the first sighting of vaginal plugs in female mice. Implantation sites in the uterus were visualized using Evan's blue dye (1%, 0.1 ml) through tail vein injection on gestation day 4.5 (d4.5), and allowed to circulate for 5 minutes. The mice were subsequently euthanized by CO 2 inhalation and their uteri were dissected and implantation sites were counted. Pregnancy was confirmed via blue-stained sites and the percentage was calculated (positive pregnancy % = mice that had positively stained sites/mice that were positively plugged).
Gestation period and litter size. The significance of COX substitution on female reproductive function was further assessed through gestation period and litter size. In the first set of experiments, these data were collected from female WT, COX-1>COX-2, COX-2>COX-1, and Reversa mice mating with males of the same genotype, or with fertile WT males, respectively. Because female COX-2-deficient mice display multiple reproductive defects, we failed to generate any COX-1>COX-2 mice from numerous homozygous parent matings. In the second set of experiments, heterozygous COX-1>COX-2 females were paired with homozygous COX-1>COX-2 males; Female Reversa mice with two copies of Ptgs2>Ptgs1 (homozygous), but one copy of Ptgs1>Ptgs2 (heterozygous) were paired with homozygous Reversa males. The litter size only includes live pups within 24 h after birth.
Ovarian weights and histology. The weights of ovaries from 10-12-week-old mice on gestation day 19.5 (d19.5), or from non-gravid mice, were determined as described previously 39 . Dissected ovaries were fixed in 10% buffered-formalin for 24 h, processed routinely, and then embedded in paraffin for staining with hematoxylin and eosin (H&E). Whole ovary section pictures (×50) were captured with a microscope (Leica, DM IRB, Richmond Hill, ON) and numbers of corpora lutea were counted in 5 random sections from each ovary. All specimens were analyzed by an investigator blinded to the study design.
Blood sex hormone assay. Blood was drawn with heparin-coated capillary tubes from the submandibular vein on d 0.5 when a plug was found and again on d 4.5 (for implantation site experiments) and d 18.5-19.5 (for gestation period and litter size experiments). The plasma was saved for measurement of estradiol and progesterone at different time points of pregnancy, using enzyme immunoassay (EIA) kits (Cayman Chemical, Ann Arbor, MI).
Enzyme immunoassay of PGs. The measurements of PGE 2 , PGF 2α , and 6-keto-PGF 1α (the stable hydrolysis product of PGI 2 ) levels were carried out in the homogenates of uterine or ovarian tissues, as previously described 50 with some modifications. Briefly, dissected uteri were weighed and rapidly homogenized in 4 volumes (wt/vol) of ice cold PBS containing 100 μM indomethacin followed by ultrasonification. Residual tissue was separated by centrifugation, and the supernatant was collected, then assayed (Bradford method) to determine protein concentration. The homogenates were acidified to pH3.0 with 1 M HCl and extracted for PG determination three times with 1 volume of ethyl acetate. Pooled ethyl acetate extracts were dried under N 2 and reconstituted with 100 µl buffer and PGE 2 , PGF 2α , and 6-keto-PGF 1α were determined by competitive enzyme immunoassay (Cayman Chemical, Ann Arbor, MI). Data were normalized to the protein content in the tissue preparation. Ovarian samples were processed the same way except that 2-3 frozen ovaries from the same group were pooled prior to PG extraction.
Western blot analysis. Uterine lysates were prepared with T-PER protein extraction reagent (Thermo Scientific) with a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). Western blot analysis was carried out as outlined previously 33 . Original images of Western blots are presented in the Electronic supplementary material. Data analysis. Data are expressed as mean ± SEM. The Kolmogorov-Smirnov test was used as a normality test. One-way ANOVA analysis was used for normally distributed variables, and Dunnett T3 post hoc comparisons were conducted when the ANOVA indicated a significant difference among the compared means. Nonparametric Kruskal-Wallis tests were used for non-normally distributed variables. Tests were 2-tailed, and values of P < 0.05 were considered statistically significant. A Chi-square test was performed to determine if there were significant differences between the percentage of positive pregnancies between groups. The statistical analysis was performed by GraphPad Prism 7 software (GraphPad, San Diego, CA).
